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Abstract 

Observed the effects of denervation on the response of eccrine sweat glands to exogenous 
methacholine. Interprets these results in the light of recent studies of sweating. 

Cutting the nerve supply to the eccrine sweat glands of 3 female rhesus monkeys ended 
spontaneous production of visible sweat. Within 2 weeks the sweat glands’ capacity to produce visible 
sweat in response to sudorific drugs is also lost. The nerves visibly degenerate over a 1 month period. 
These effects are like the effects of cutting the nerve supply to human eccrine sweat glands. 

The denervated sweat glands remained histologically normal throughout the 5 weeks of observa¬ 
tion. They also continued to show phosphorylase a activity, which is normally associated with sweat 
production. This suggests that denervated sweat glands produce water vapor. Other studies of 
monkey and human sweat glands provide further evidence of vapor sweating in both denervated and 
normal sweat glands. 

Vapor sweating is an efficient cooling mechanism for a furry animal. The spread of eccrine sweat 
glands from the palms and soles to the general body surface over the course of the evolution of higher 
primates was due to the survival value of vapor sweating. 


Introduction 

Most mammals have eccrine sweat glands, which secrete clear, odorless sweat, only on the 
palms and soles (Kuno 1956; Montagna and Parakkal 1959). Like man, the apes and 
monkeys of the Old World (Montagna and Yun 1962; Montagna et al. 1964; Machida 
et al. 1964) and the higher New World monkeys (Perkins and Machida 1967; Machida 
and Giacometti 1968) also have eccrine sweat glands on the general body surface. 

Eccrine sweat glands are normally under the control of cholinergic nerves (Dale and 
Feldberg 1934), although they also have some adrenergic innervation (Uno and Mon¬ 
tagna 1975). 

The eccrine sweat glands on the soles of cats (Nakamura and Hatanaka 1958) and 
lemurs (Sakurai and Montagna 1965) still respond to injected acetylcholine after the 
nerve supply is severed. Human eccrine sweat glands, even those on the palms and soles, 
require an intact nerve supply to produce visible sweat in response to sudorific drugs 
(Coon and Rothman 1941; Silver et al. 1963). The sweat glands of the African green 
monkey, Cercopithecus aethiops, also become unresponsive after denervation (Sakurai 
and Montagna 1964). 

This study was undertaken in hope that histochemical observations on the glands after 
denervation would help to elucidate the mechanism of the loss of responsiveness. Several 
recent studies show that this data also suggests how thermoregulatory sweat glands could 
have evolved in furry animals. 
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Material and methods 

Three female rhesus monkeys, Macaca mulatta, were used in this study. The median, ulnar, and radial 
nerves in one upper arm of each monkey were severed (and sutured to allow regeneration after the 
experiment) under phencylclidine anesthesia. 

The palm and fingertips of the operated hands were tested for spontaneous sweating before and 
after the operation by pressing bromphenol blue paper (Sakurai and Montagna 1964) against them. 
At the same time a different fingertip or palmar pad on the denervated hand of each monkey was 
injected with 20 [Xg acetyl-P-methylcholine chloride in 50 jxl saline to test the sweat glands’ capacity to 
sweat. Liquid sweat was visualized by pressing bromphenol blue paper against the injected area. 
Similar observations were made on the unoperated palms. 

Biopsies were taken (under phencyclidine anesthesia) from the denervated palms immediately 
before the nerves were cut and at irregular intervals thereafter. A quarter of each biopsy was fixed in 
Helly’s fluid, dehydragyrified in Lugol’s iodine, embedded in Paraplast, sectioned at 7 |xm, and 
stained with the PAS technique followed by hematoxylin (Lillie 1954). 

A second quarter of each biopsy was frozen in liquid nitrogen, sectioned in a cryostat at 20 |xm, 
and incubated in the medium of Eranko and Palkama (1961) without adenylic acid to show 
phosphorylase a activity. Staining was preserved by mounting in iodized "Histoclad” (Smith et al. 
1966). 

Frozen sections were also incubated in the medium of Burstone (1961) to show cytochrome 
oxidase activity. The rest of the biopsy was fixed for Wi hours in 10 % formalin at 4°C, sectioned at 
40 |xm, and incubated 5 hours in a solution of cupric sulfate and acetylthiocholine iodide to show 
cholinesterase activity (Gomori 1952). Some of these sections were counterstained with hematoxylin. 



Fig. 1. Cholinergic nerves around sweat glands and their connections with the subpapillary plexus. 
Acetylthiocholine iodide - CUSO4. x40 
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Surgery and post-operative care were in conformity with the U.S. Animal Welfare Act of 1966. 
For a few months after the surgery, the animals required care like that given to a human with similar 
nerve lesions due to a misused touniquet. Although such experiments were common at the time of this 
work, I would not repeat this experiment today. 


Results 

The palms of two monkeys were sweating spontaneously before the operation. None of 
the operated palms sweated spontaneously immediately after denervation. Spontaneous 
sweating reappeared in two of the operated palms during the first week after denervation. 
Spontaneous sweating was never seen in a denervated palm after the end of the first week. 
All 3 unoperated (control) palms sweated spontaneously after the operation. 

All of the denervated palms continued to sweat in response to acetyl-p-methylcholine 
for the first week after denervation. During the second week all of the denervated palms 
ceased to respond. The control palms always responded. 

Cholinesterase-positive nerve fibers surrounded the secretory coils of the eccrine sweat 
glands. Almost all of the fibers were circular rather than longitudinal and lay in a single 
surface of revolution just outside the fibroelastic capsule of the gland. A few unoriented 



Fig. 2 . Three days after denervation the cholinergic nerves around the secretory coil show no visible 
change. Acetylthiocholine iodide - CUSO 4 . xl30 
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Fig. 3. Two weeks after denervation the nerves have lost most of their cholinesterase activity. Some of 
the enzyme lost from the nerves has collected in sweat ducts (arrows). Acetylthiocholine iodide - 
CUSO 4 . xl30 


nerve fibers were associated with the proximal (coiled) duct. The nerve fibers were 
connected with the subpapillary nerve plexus of the upper dermis (Fig. 1). 

The cholinesterase-positive nerves looked completely normal for the first 3 days after 
denervation (Fig. 2). Acetylcholinesterase activity started to weaken after the third day 
after denervation and was gone by the 35th day (Fig. 3). 

The eccrine sweat glands themselves remained histologically normal throughout the 
period of observation. There was a dramatic increase in glycogen (as shown by PAS) in the 
coiled ducts of the sweat glands in all 3 monkeys after denervation. Two of the monkeys 
had low glycogen levels in the clear cells of the secretory coils of their palmar sweat glands 
before denervation. All of the monkeys had high glycogen levels in their clear cells after 
denervation. 

Moderate phosphorylase a activity was seen in the clear cells of the secretory coils both 
before (Fig. 4) and after (Fig. 5) denervation. Phosphorylase a activity in the coiled ducts 
varied more within a single skin sample than it did from one sample to another. 

Cytochrome oxidase activity was high in the clear cells of the secretory coil and in all 
cells of the coiled duct both before and after denervation. 
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Fig. 4. Phosphorylase a activity in the secretory coil before denervation. Reaction in lumen (L) is a 
diffusion artefact. Iodine stain. x280 



Fig. 5. Phosphorylase a activity in the secretory coil two weeks after denervation. Iodine stain. x280 
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Discussion 

These results show that the sweat glands of the rhesus monkey slowly lose their capacity to 
produce visible sweat after denervation. In this, they resemble the sweat glands of man 
(Coon and Rothman 1941) and the African green monkey {Cercopithecus aethiops) 
(Sakurai and Montagna 1964). The fact that this requires more than a week suggests that 
the process is one of acclimatization. 

The production capacity of the eccrine sweat glands of the patas monkey (Erythrocebus 
patas) increseses in hot weather and decreases in cold weather (Gisolfi et al. 1985). The 
production capacity of human eccrine sweat glands increases after a week of the increased 
demand of hot weather or hard exercise (Davies 1981; Taylor 1986) and decreases when 
cool weather decreases demand (Torii et al. 1991). 

It should be expected that the production capacity of sweat glands would decrease in 
response to the sharply decreased demand following denervation. Acclimatization has been 
found only in animals that have eccrine sweat glands on the general body surface (Coon 
and Rothman 1941; Sakurai and Montagna 1964; Gisolfi et al. 1985). Acclimatization 
is adaptive in a heat dispersal mechanism that may face different challenges over the seasons 
and over the life cycle. 

Animals with eccrine sweat glands only on the palms and soles show denervation 
hypersensitivity (Nakamura and Hatanaka 1958; Sakurai and Montagna 1965). 
Denervation hypersensitivity increases sweat production in response to pharmacologic 
stimuli. Denervation hypersensitivity can be seen only if acclimatization does not occur. 

Despite their loss of capacity to produce visible sweat, the denervated sweat glands of 
the rhesus monkey remained histologically normal. Denervated sweat glands also remain 
histologically normal in man (Silver et al. 1964) and the African green monkey (Sakurai 
and Montagna 1964). Congenitally aneural eccrine sweat glands are also histologically 
normal in man (Rafel et al. 1930; Swanson 1963). 

The denervated sweat glands in this study also continued to show moderate levels of 
phosphorylase a activity, whose presence is concomitant with sweating (Smith and 
Dobson 1966). 

Are denervated sweat glands truly devoid of function? Sympathectomized human 
patients, who cannot produce visible sweat, produce moist patches where one area of dry 
skin is held firmly against another (Hyndman and Wolkin 1941). Sweat vaporizing in the 
secretory coil or in the duct would be invisible and would not stain bromphenol blue paper 
during the customary one minute exposure, but it would condense on epidermis occluding 
the duct orifice. 

The release of water vapor from the sweat glands would explain why humans with 
anhydrotic sensory neuropathy, who have aneural sweat glands, suffer less in hot weather 
than humans with anhidrotic ectodermal dysplasia, who have no sweat glands at all 
(Bowen 1957; Swanson 1963; Pinsky and DiGeorge 1966). Vapor leaving the duct cools 
the body just as well as sweat evaporating from the skin surface. Even vapor condensing in 
the duct transfers heat to the epidermis, increasing radiative and convective cooling from 
its surface (Thiele et al. 1972; Reay and Thiele 1977). 

Vapor sweating allows an animal with thick fur to cool itself efficiently. Thus, the 
possession of sweat glands on the general body surface is adaptive for a mammal that is 
diurnally active in hot weather. Thermoregulatory eccrine sweat glands have evolved in 
Scandentia (Montagna et al. 1962) and among the Primates, both of which are diurnal and 
primarily tropical. 

The absence of eccrine sweat glands from the general body surface of the diurnal lemurs 
(Sokolov 1982) and marmosets (Perkins 1966; Perkins 1968) suggests that the presence 
of eccrine sweat glands on the general body surface is not a primitive feature of primates. 
Although tree shrews have eccrine sweat glands on the general body surface (Montagna et 
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al. 1962), it is now generally agreed that the tree shrews are not primates (Van Valen 1965; 
Dene et al. 1966; Martin 1982). 

The higher New World monkeys are diurnal and have eccrine sweat glands on the 
general body surface (Machida et al. 1967; Perkins and Machida 1967). Since marmosets 
and the other monkeys of the New World have a common ancestor that is not shared with 
the Old World monkeys, the extension of eccrine sweat glands to the general body surface 
must have evolved after the divergence of Old and New World primates (Perkins 1968; 
Machida et al. 1967). The absence of eccrine sweat glands from the skin of the tarsier 
which shares a common ancestor with the Old World monkeys tends to confirm this 
(Montagna and Machida 1966). 

The presence of eccrine sweat glands on the general body surface of Scandentia, 
Cebidae, and Old World monkeys and apes is a result of parallel evolution (Montagna 
and Parakkal 1974; Folk and Semken 1991). The repeated evolution of thermoregulatory 
eccrine sweat glands is due to the survival value of vapor sweating. 

Denervated sweat glands probably produce water vapor under the influence of circulat¬ 
ing epinephrine. Although atropine prevents the appearance of liquid sweat detectable by 
the starch-iodine test or bromphenol blue paper, it does not prevent the delivery of water 
vapor to a sudorimeter (Wolf and Maibach 1974). Although some of the sudorimotor 
nerves secrete norepinephrine (Uno and Montagna 1975), the eccrine sweat glands have 
more (3 receptors than a receptors and are more sensitive to epinephrine (Sato and Sato 
1981). Physiological levels of circulating epinephrine increase evaporative heat loss in the 
intact stumptail macaque, Macaca speciosa (Robertshaw et al. 1973). Higher levels of 
epinephrine can elicit visible sweat in man (Wada 1950; Chalmers and Keele 1951). 

In 1935 Ogata found that some human sweat glands failed to produce liquid sweat 
under any stimulus (Kuno 1956). This suggests that many innervated sweat glands 
produce only vapor. The excess of sweat glands in histological counts in man (Montagna 
and Parakkal 1974) and rhesus monkeys (Smith 1969) over counts of sweat droplets on 
the skin of man (Montagna and Parakkal 1974) and rhesus monkeys Qohnson and 
Elizondo 1974) leads to the same conclusion. 

Denervated sweat glands remain histologically normal because they continue to pro¬ 
duce water vapor, which is part of the normal function of sweat glands. 
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Zusammenfassung 

Auswirkungen von Denervierung der Schweifidriisen hei Rhesusaffeny Macaca mulatta 

Die SchweiBdriisen des Rhesusaffen sind umgeben von cholinergen Nerven, die vom subpapillaren 
Plexus stammen. Nach Durchtrennung der Nerven von SchweiBdriisen bildet sich kein SchweiB 
mehr. Wahrend der nachsten zwei Wochen verliert die SchweiBdriise ihre Fahigkeit auf Arzneien zu 
reagieren. Im Laufe eines Monats werden die Nerven degeneriert. Nach Durchtrennung der Nerven 
von menschlichen SchweiBdriisen ergeben sich ahnliche Effekte. 

Die denervierte SchweiBdriise bleibt histologisch jedoch unverandert. Zusatzlich ist auch eine 
Aktivitat der Phorphorylase a zu beobachten, die normal mit der SchweiBproduktion verbunden ist. 
Das deutet an, daB die denervierten SchweiBdriisen Wasserdunst produzieren. Andere Studien an 
SchweiBdrusen von Affen und Menschen beweisen, daB denervierte und normale SchweiBdriisen 
Wasserdunst absondern. 

Die SchweiBabsonderung bei Saugetieren mit Fell hat einen kiihlenden Effekt. Das Ausbreiten der 
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Schweil^driisen von Handflache und Sohle zur Oberflache des Korpers begiinstigte sehr wahrschein- 
lich die evolutive Radiation der hoheren Affen. 
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